/  AD-A116  015 
UNCLASSIFIED 


CALIFORNIA  UNIV  BERKELEY  DEPT  OF  PHYSI0L06Y- ANATOMY  F/6  6/16 

EFFECTS  OF  HIGH  PRESSURE  ON  MEMBRANE  ION  BINDIN6  AND  TRANSPORT. (U> 
DEC  80  R  I  MACEY*  D  M  KARAN  N00014-77-C-0462 

NL 


FINAL  TLCiiN  CAL  REPORT 


EFFECTS  OF  HI  dl  PRESSURE  ON 

MEMBRANE  ION  RTND.NG  AND  TRANSPORT 
(Nn0014-7  '-C-0482) 


Robert  T .  M  icey ,  Ph . D. 
a  jd 

Daniel  M .  Fit  an,  Ph.D* 

Department  of  Ph  ’siolociy-Anatomy 
Un  i  ve rs i ty  o  Ca J i f or n i a 
Berkeley,  CA  94720 


Reproduction  in  whole  or  in  part  is  permitted  for 
any  purpose  of  the  United  tales  Government. 


This  research  was  sponsored  by  the  Office  of  Naval 
Research . 


r\ 

id 


security  ct_ Asstrtc ation  of  this  page  rtt**, 


MIL-STD-847A 
31  January  1973 


|  REPORT  DOCUMENTATION  PAGE  § 

READ  INSTRUCTIONS 
-  BfcgOKE  ET1NG  FORM 

».  report  number 

Final  Report 

ffi-nn 

R^BrIE^'S  catalog  number 

v0]o 

4.  TITLE  ?*nd  S ubtitle) 

Effects  of  High  Pressure  on  Membrane 
Ion  Binding  and  Transport 

5  TYPE  or  REPORT  h  PERIOD  COVERED 

Final  Report 

4  performing  org  report  number 

7.  author^; 

Robert  I.  Macey ,  Ph.D. 

Daniel  M.  Karan#  Ph.D. 

4  CONTRACT  OR  grant  NUMBER?*) 

N00014-77-C-0482 

»  PERFORMING  ORGAN!/ ATIOf.'  N  AA  r  ANO  *OORf  S 

The  Regents  of  the  Univ  of  Calif. 
Univ.  of  California 

Berkeley.  CA  94720 

10  PROGRAM  EL  EMftlT  PROJECT,  T  ASK 
AREA  4  WORK  UNIT  NUMBERS 

»».  CONTROLLING  OFFICE  NAME  ANO  AOORf  SS 

Office  of  Naval  Research 

BOO  N.  Quincy  St. 

A  r  1  i  nq  t  nn  .  \J  A  7  7717  .  . 

12.  REPORT  date 

.  Dec.  31.  UiBO 

IS.  NUMBER  or  P  AGES 

34 

14.  MONIToRING^AGEnCV  name  *  AOORE$S<GE  dtile'ent  from  Controlling  OUtre) 

15  SECURITY  Class  fol  thle  report) 

Unclassified 

15*.  D  I  CL  AS  SI  r  1  C  ATI  ON  7  DOWN  GRADING 
SCHEDULE 

1«.  DISTRIBUTION  STATEMENT  (<>l  title  Report) 

Unlimited  reproduction  in  whole  or  part  is  permitted  for  any 
purpose  of  the  United  States  Government 

17.  DISTRIBUTION  STATEMENT  (of  fh*  •t»tr»rl  wlii'rfln  Block  70.  H  dltterent  Irom  Report) 

Unlimited 

16.  SUPPLEMENTARY  NOTES 

If.  KEY  BOROS  (Continue  On  revere*  eide  It  nereerery  end  identity  by  b»Or*  numbfrl 

High  pressure,  red  cells#  permeability#  water,  calcium, 
potassium 

JO.  ABSTRACT  fConflnu*  on  revere*  eide  II  neceemery  end  Identity  bv  blork  number) 

- - Effects  of  hydrostatic  pressures,  ranging  from  1  to  1000 

atmospheres,  on  the  transport  and  ion  bindinq  characteristics 
of  human  red  cells  were  studied.  A  high  pressure  stopped-f low 
device  was  designed  for  rapid  mixing  and  subsequent  spectropho- 
tometric  study  was  designed  and  built  with  the  following  char¬ 
acteristics:  operating  pressures  up  to  1200  bar,  minimum 

-  -  -  - - ( collide) - 

00  M73 


COITION  OF  »  NOV  *5  IS  OBSOLETE 


Unclassified 


SECURITY  CLASSIFICATION  or  THIS  PAGE  r«f«  E«l*r#d) 

Figure  b.  Keport  Documentation  Page. 


15 


MIL-STD-S47  A 
31  January  1973 


security  cl  assifica  r ion  or  this  pageq»ti«i  p«<  gnr»i»«i) _ _ 

.average  flow  veJocities  equal  to  2. ('m/sec,  dead  time  ranging 
from  5  to  25  msec. 

Experimental  results  with  red  cells  showed  that  ^1)  normal 
K*  leakaqe  increases  dramatically  at  pressure  >  6000  psi f 
2)  butanol  induced  K*"  leakage  decreases  dramatically  at  pres¬ 
sures  >  6000  psi,  3)  the  Gardos  response  (K"*-  .leakage  induced 
by  A23187  *  is  reduced  by  pressure,  and  divalent  cation 

selectivity  sequences  (Ca  >  Mg  >  Ba  >  Sr)  do  not  change  with 
1000  atm  pressure  indicating  that  ionic  radii  are  of  predomi¬ 
nant  importance  in  binding,^)  loose  binding  as  measured 

by  chlorotetracycline  does  not  chanue  with  pressure , v5)  both 
va  l+jt^  and  butanol  diffusion  in  red  cell  membranes  have  appar¬ 
ent  activation  volumes  of  40  ml/mol  in  agreement  with  data  on 
liposomes,  and  ^6)  perturbations  in  osmotic  water  flow  through 
red  cells  by  either  high  pressures  or  _Lu?0  substitution  can  be 
predicted  from  the  bulk  properties  of  pure  water.  , 


SECURITY  CLASSIFICATION  OF  THIS  PAGtfWA«n  O mi*  Eni«r«N} 


16 


TABLE  OP  CONTENTS 


I*  Introduction  and  Rationale  .  page  1 

II.  Elecfcrolytes/Polar  Pathways  . . . .  page  2 

A.  Methods  (page  2) 

B.  Influence  of  Pressure  on  Potassium  Permeability  of  the 
Normal  Cell  (page  3) 

C.  Influence  of  High  Pressure  on  Butanol  Induced  Cation 
Leakage  (page  3) 

D.  The  Ca  Induced  K+  Leakage  (the  Gardos  Effect)  (page  3) 

E.  Loose  Ca  Binding  (page  10) 

III.  Lipid  Pathways  . . .  page  14 

A.  Can  Results  on  Artificial  Bilayers  be  Extrapolated 
to  the  Red  Cell?  (page  15) 

B.  Pressure  Dependence  of  Butanol  Diffusion  (page  17) 

C.  Development  of  a  High  Pressure  Stop-Flow  (page  19) 

Article:  High  pressure  stopped- flow  apparatus  for  the  rapid 

mixing  and  subsequent  study  of  two  fluids  under  high 
hydrostatic  pressures  (pages  21-24) 

IV.  Water  Transport  . . .  page  25 

Article:  The  permeability  of  the  human  red  cell  to 

deuterium  oxide  (heavy  water)  (pages  26-31) 


References 


page  33 


FIGURES 


Figure  1  —  Response  of  the  normal  cation  leak  in  human 

red  cells  to  high  hydrostatic  pressure  .  page  4 

Figure  2  —  Response  of  the  anesthetic  (n-butanol)  induced 

cation  leak  in  human  red  cells  to  high  hydrostatic 


pressure  ...... . . .  .  . . page  5 

Figure  3  —  The  pressure  dependence  of  the  calcium  induced 

potassium  loss  (Gardos  Effect)  . . . .  page  7 


Figure  4  —  Effect  of  pressure  on  the  potassium  leak  induced 

by  various  divalent  cations;  Effect  of  pressure 
on  competition  between  calcium  and  other  divalent 


cations  on  the  induced  potassium  leak  .  pages  8&9 

Figure  5  —  High  pressure  optical  cuvette  . page  12 

Figure  6  —  The  effect  of  pressure  on  the  loose  binding 

of  calcium .  page  13 

Figure  7  —  Pressure  effect  on  the  valinomycin  induced 

potassium  loss  in  the  human  red  cell  .  page  16 

Figure  8  —  Pressure  effect  on  the  diffusion  coefficient 

n-butanol  in  packed  human  red  cells  .  page  18 

Figure  9  —  Effect  of  pressure  on  osmotic  water  permea¬ 
bility  of  human  red  cells  . page  32 


HtfCEDu*;  pack  blank -wot  num 


i 


I.  INTRODUCTION  AND  RATIONALE 

Since  high  pressures  influence  any  process  which  is  accompanied  by  a  change 
in  volume,  it  can  be  expected  to  exert  significant  effects  on  reactions  that 
are  subject  to  changes  in  hydration  and  conformation.  This  is  particularly  true 
for  electrolyte  binding  to  and  transfer  through  biological  membranes.  It  is 
probably  also  true  for  non-electrolyte  transport  where  carrier  mediation  and/or 
simple  diffusion  may  be  expected  to  require  formation  of  "free  volume"  pockets 
within  the  membrane.  High  pressure  perturbations  are  especially  well- suited 
for  the  elucidation  of  these  events  because  their  effects  can  be  attributed 
directly  to  changes  in  volume.  Our  long  term  objective  is  to  investigate 
effects  of  hydrostatic  pressure  on  the  physiology  of  the  human  erythrocyte 
membrane  in  an  effort  to  reveal  fundamental  mechanics  of  normal  membrane  struc¬ 
ture  and  function.  Accordingly,  the  results  described  in  this  report  were 
obtained  in  "gas  free"  systems  and  are  attributable  to  hydrostatic  pressure 
alone. 

We  chose  human  red  cells  because  they  are  the  simplest  and  most  abundant 
cell  system  available.  They  are  devoid  of  internal  organelles  and  membrane 
systems.  They  do  not  divide,  synthesize  protein  or  utilize  oxygen.  Their 
simple  metabolism  (almost  limited  to  glycolysis)  is  sluggish  and  easily  con¬ 
trolled.  In  contrast  to  giant  cells  (e.g.,  squid  axons,  algal  cells),  their 
plasma  membrane  is  directly  exposed  to  the  extracellular  medium.  Finally,  it 
is  relatively  easy  to  prepare  isolated  membranes  and  intact  ghosts  in  quantity. 
Despite  these  intracellular  simplifications,  the  red  cell  has  a  fully  functioning 
cell  membrane.  It  actively  transports  Na,  K  and  Ca,  and  it  has  a  facilitated 


diffusion  system  for  glucose,  amino  acids,  nucleotides,  urea,  HCO3  and  Cl.  Red 
cell  membranes  respond  to  anesthetics  in  a  manner  similar  to  that  of  excitable 
membranes  and  are  currently  used  as  model  systems  in  drug  studies. 
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II.  ELECTROLYTES/POLAR  PATHWAYS 

Ionic  reactions  characteristically  involve  hydration  volume  changes  so 
that  it  is  reasonable  to  expect  a  significant  influence  of  pressure  on  electro¬ 
lyte  physiology.  Accordingly,  we  have  focused  much  of  our  attention  on  the 
ubiquitous  role  of  metal  ions  in  regulation  of  membrane  processes.  Interactions 
of  cell  membranes  with  Ca  ions,  for  example,  have  been  recognized  as  a  requisite 
for  nerve  and  muscle  excitation,  as  a  mediator  in  excitation-secretion  coupling, 
as  a  trigger  for  muscle,  ciliary  and  flagellar  movements,  and  as  an  essential 
component  in  cellular  adhesion  and  aggregation.  Although  the  regulatory  role 
of  Ca  in  these  events  is  established,  the  underlying  physicochemical  basis  is  not 
apparent. 

With  respect  to  the  red  cell,  it  possesses  a  powerful  Ca  pump  and  Ca 
activated  actin  and  myosin-like  proteins  which  play  an  important  role  in  the 
maintenance  of  cell  shape.  Further,  the  K  permeability  of  red  cells  is  controlled 
by  intracellular  Ca  and  similar  K  channels  (under  similar  control)  have  been 
identified  in  other  cells.  Finally,  changes  in  Ca  transport  are  implicated  in 
red  cell  maturation,  in  sickle  cell  disease,  and  in  microcytic  spherocytosis . 

A.  Methods 

Potassium  fluxes  were  measured  by  suspending  normal  red  cells  in  an  iso- 

5 

tonic  buffered  medium,  containing  either  NaCl  or  NaCl  +  sucrose,  and  following  j 

j 

changes  in  the  K+  content  of  medium.  In  some  instances  (NaCl  medium)  K+  was 
measured  directly  with  a  K+  electrode  after  the  cells  had  been  exposed  to  high 
pressures.  In  other  instances  (NaCl  +  sucrose) ,  the  K+  content  of  the  medium 

i 

i 

was  estimated  continuously  during  exposure  to  pressure  through  measurements  of  j 

electrical  conductivity.  (In  these  cases  the  dominant  electrolyte  gradient 
favors  KCl  exit  from  the  cell;  as  a  result,  changes  in  medium  conductivity  are 
almost  entirely  due  to  KCl  efflux. ) 


B -  Influence  of  Pressure  on  Potassium  Permeability  of  the  Normal  Cell 


Figure  1  shows  a  plot  of  K+  flux  vs  pressure  spanning  a  range  of  1  to  1000 
atm,  obtained  when  normal  cells  are  allowed  to  release  their  K  contents  into  K 
free  isotonic  media*  The  results  are  plotted  on  a  logarithmic  scale,  and  are 
normalized  to  results  at  1  atm.  pressure.  This  facilitates  computation  of  acti¬ 
vation  volumes  and  allows  the  results  to  be  compared  with  similar  measurements 
under  different  conditions.  Figure  1  indicates  that  effects  of  pressure  on 
normal  K+  flux  increases  dramatically  with  pressure  in  regions  beyond  6000  psi. 
Although  pressure  also  increases  the  free  K+  mobility  in  water,  the  sensitivity 
to  pressure  is  much  larger  in  the  membrane  than  in  water  (this  is  also  true 
for  activation  energies).  Thus  even  if  K+  is  moving  through  a  simple  water- 
filled  channel,  there  must  be  considerable  interaction  with  the  membrane. 

C .  Influence  of  High  Pressure  on  Butanol  Induced  Cation  Leakage 

Potassium  leakage  in  the  presence  of  227  mM  butanol  as  a  function  of  pres¬ 
sure  is  shown  in  Figure  2.  the  data  is  normalized  as  in  Figure  1,  however,  it 
should  be  noted  that  the  absolute  flux  value  obtained  in  this  butanol  treatment 
is  an  order  of  magnitude  greater  than  the  normal  leak.  The  most  striking  fea¬ 
ture  is  the  very  low  pressure  dependence  below  6000  psi  which  increases  preci¬ 
pitously  beyond  that  point.  Note  that  in  contrast  to  normal  K  leakage,  butanol 
induced  leakage  is  inhibited  by  pressure. 

In  high  concentrations  of  n-butanol,  we  expect  the  membrane  to  be  excep¬ 
tionally  swollen  with  anesthetic,  an  apparent  large  A  above  8000  psi 
suggests  that  swelling  is  compensated  at  this  pressure;  the  membrane  is  restored 
toward  its  original  volume  which  is  reflected  by  the  decrease  in  cation  leakage. 

D .  The  Ca  Induced  K*  Leakage  (the  Gardos  Effect) 

In  order  to  initiate  the  Gardos  Effect  (Low  and  Ferreira,  1977),  Ca  (or 


FIGURE 


Response  of  the  Anesthetic  (n-Butanol)  Induced 


r 


some*  other  divalent  cation)  mist,  be  introduced  to  the  cell  interior.  This  is 
commonly  accompl  i  shed  by  lining  the  Ca  ionophnre  A- 23 137,  an  }  we  have  followed 
that  procedure.  This  introduces  minimal  conpl  i  c.it  ion  Ivcauso  t!u»  A-231P7 
mediated  Ca  transport  process  in  very  fast,  and  because  very  snail  amounts  o r 
internal  free  Ca  are  required  for  a  fully  activated  Caries  effect.  Under 
these  conditions,  it  is  unlikely  that  Ca  transport  becomes  rate  limitin';.  Che 
Gardos  effect,  then ,  beer  ins  with  internal  Ca  reacting  with  some  membrane  receptor 
V  an<}  involves  at  least  three  stops: 


1.  Gindina  step:  Ca^n  +  M 


->>  CaM 


Gad 


‘kit  inn  stop:  K  channel  (closer!) 


G  channel  (op.ei) 


channel  (open) 


3 .  Tr  i n s  eor t  s  t o  r> :  K  • 

1  n 


->  >* 


out 


.Any,  or  all,  of  the  above  could  contribute  to  the  pressure  dependence  shown  in 
Fi-juro  3.  however,  data  presented  below  riurpests  that  the  observed  P  depend¬ 
ence  is  not  due  to  step  3,  the  transport  of  K* . 

Figure  4 A  presents  data  on  the  ability  of  a  number  of  different,  divalent 
cations  to  substitute  for  Ca++  in  nrohioin  j  the  Gardes  effect.  Data  is  shown 

at  two  different  pressures  (1  and  1000  atm)  and  is  arranged  in  order  of  increasi? 

crystal  ionic  radii  { decreasing  hydrated  radii).  The  most  striking  feature  is 
that  at:  1  utn.  ,  the  overall  effect  peaks  at  ra‘*+  and.  appears  to  fall  ofr 
monotonica 1 ly  as  the  ionic  radius  is  either  increased  or  decreased  beyond  or 

below  the  radius  for  Ca .  Clearly  ionic  radii  play  an  important  role  in  the 

overall  Gardes  effect  at.  1  atm.  However,  when  pressure  is  applied,  this  si  "Go 
dependence  on  ionic  radius  in  no  lomjer  apparent  .  Patu  analysis  is  eo-"G  :  ca  t  e  \ 
by  the  fact  that*  the  Garden  effect  is  comprise!  ot  at  least  three  processes 
(bindinu,  uat  inu,  and  transport  )  .  however ,  ussir>in-;  that  delivery  of  the  e  it  ion 


8 


IJSGF.ND  TO  FIGURE  4 

This  bar  graph  shows  the  average  K*  flux  in  l'j  mi r.n induced  by 
1  mM  amounts  of  various  divalent  cations  transported  into  the  human  red 
cell  by  the  ionophore  A23187.  15000  psi  pressure  was  a:  -  lieu  to  1,2  the 

sample  after  the  flux  was  initiated,  the  remainder  was  used  for  an  atmos¬ 
pheric  pressure  control. 

Graph  A  shows  the  flux  induced  by  each  divalent  cation,  alone  (open  bar) 
and  its  response  to  pressure  (hatched  bar).  The  divalent  cations  are  arranged 
on  the  horizontal  axis  in  order  of  increasing  crystal  ionic  radii  which  is 
the  order  of  decreasing  hydrated  radii.  Graph  B  shows  the  flux  induced  by 
1  mM  Ca  plus  1  mM  each  of  seven  other  divalent  cations.  Hatch  bars  indi¬ 
cate  the  flux  for  each  competitive  system  under  15000  psi  pressure  and  open 
bars  show  the  flux  for  each  system  at  atmospheric  pressure. 


Increasing  crvst 


figure 


by  A231M7  is  rapid,  wo  can  eliminate  transport  from  consMoration  as  follows: 

If  the  e f foots  of  pressure  on  the  Garmon  effect  result  primarily  from  the 
transport  st°p  rather  than  Mutiny  or  qat.inq,  we  would  expect  the  K+  flux 
stimulated  by  each  divalent  cation  to  bo  reduced  by  a  constant  percentage  when 
exposed  to  1000  atn.  Pi  pure  4  A  shows  this  clearly  not  the  case;  if  the  data 
reflects  the  transport  stop  at  all,  it  nust  be  in  some  combination  with,  the 
other  processes. 

Competition  studies  shown  in  Fioure  4H  are  more  instructive  because  they 
refer  to  the  bindiny  site  only.  Wo  restrict  our  attention  to  Ca,  Mu,  Pa,  anti 
Sr,  because  the  possible  selectivity  sequences  of  these  ions  have  been  interpreteJ 
in  terns  of  the  electric  field  strength  of  the  ion  bindine  site  together  with 
considerations  of  hydrated  and  naked  ionic  radii  (Diamond  and  Wriqht,  1  *'hVi )  , 

In  particular  for  these  four  cations,  there  are  4!  =  2  A  possible  permit  a  t.ions 
or  sequences.  Of  these,  only  seven  sequences  (known  as  Sherry  sequences)  occur 
nut u  rally  with  a n  y  f  r e c i u e  ncy . 

Fiyuro  4P  shows  that  of  the  three  ions,  Mq^  +  competes  the  most  for  Ca**+ , 
then  Ba^+,  and  finally  with  Ca?+  beiny  the  most  preferred  of  all.  This 

sequence?  Ca*^+  >  My^+  >  P.a^+  >  Gr~  +  is  ?herrv  Sequence  V.  15,000  psi  does  not 
alter  this  sequence.  This  indicates  that  probably  in  the  intact  membrane  the 
bindiny  sites  do  not  move  very  much  closer  together.  If  they  did,  we  would 
expect  to  find  a  shift  toward  Sequence  \rI  which  is  not  the  cast?  at  all.  At 
1000  atm  pressure,  it  is  most  likely  that  a  fair  amount  of  the  structured  water 
around  the  ions;  must,  ho  col  lapsed  and  yet  this  has  no  effect  on  the  binding 
sequence  (Podolsky,  195A;  Pros  t-J!an. sen ,  1970;  Cuddeback  ct:  al  ,  1  °  5 1 )  .  This 
indicates  that  the  ionic:  radii  are  of  predominant*  imnort.ance  for  the  bin  liny. 

K .  h oos  e  Pa  \  \j  vu  Ij  iuj 

MV*  )iave  list'd  t  ha*  fluorescence  of  cholorotet  rac'vcl  ine  (Caswell,  V'77; 


liallett  ot  al.  i  1972)  as  a  probe  for  the  membrane  (lipid)  bound  calc  inn.  The 
pressure  effect  on  the*  binding  was  studied  over  the  pressure  range  0-6000  psiy 
in  the  f luoroscenco  seoct rophot .one ter  in  the  specially  constructed  cuvette 
s how n  in  :  ’  jure  6  .  Ke suits  illustrated  in  figure  6  s how  a  1  nos t  no  cha n ye  in 
the  hinting  of  da  to  the  lipid  prot ion  of  the  membrane  under  6000  nsi.  The 
loose  bindiny  ; constant  calculates  to  bo  \n  =  .2nd  (which  agrees  with  literature 
values  --  c.f.  Tolbert  and  Macoy,  1972)  for  all  pressures  in  the  calcium  concen¬ 
tration  ran qc  .2 5-1.  On,*!. 

The  loose  bindiny  of  calcium  to  the  nonbrsno  has  boon  attributed  to  the 
weak  electric  attraction  provided  by  various  contributions  to  the  membrane 
surface  cha rye.  The  main  contribution  comes  from  the  linid  phosphate  beau 
groups  (Schneider  ot  al.  ,  1978), 

At  6000  psi,  before  th  onset  of  any  phase  transition,  we  would  not  expect 
any  chance  in  field  strength  due  to  compression  of  the  membrane.  Johnson  ot  al. 
(1973)  found  the  compressibility  of  a  ehosphol i oi  1-cholesterol  nembrane  to  be 
2.5  x  10~r>  atn“  ^  which  calculates  to  a  change  in  linear  distance  of  <.3*>  at  d  C  0 
atm.  The  largest  corm.rossibi litv  is  found  in  n-dodecano  (Cutter  et  al.,  1952) 
which  gives  a  linear  change  of  1.2fl  at  4U0  atm  and  37°C.  From  this  we  would 
expect  a  chan »jo  in  field  strength  to  bo  of  the  order  of  1  ^  at  most  in  the  T'PC 
membrane . 

Thus  the  results  conform  to  expectations  based  on  electrostatic  field 
strength  and  oomprossibil itv*  Then?  is  apparently  no  hydration  change  asso¬ 
ciated  with  this  loose  bindiny  of  calcium.  A  similar  technique  usiiui  terbium 
( "ibkelson  and  '.Aillach,  1974,  1976)  could  be  used  to  study  the  high  affinity 

sites  v/hioh  presumably  would  show  .stronger  specificity  and  greater  pressure 
sensitivity  due  to  hydration  reactions. 
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Effects  of  pressure  on  calcium  binding  to  the  red  cell  membrane  as  measured 
by  chlorotetracycline  fluorescence.  The  concentrations  (mM)  of  free  calcium  in 
the  medium  are  given  next  to  each  curve.  The  fluorescence  scale  is  in  arbitrary 
units.  The  loose  binding  constant  Km  ~  „2mM  remins  unchanged  over  the  pressure 
range  0-6000  psig. 


in.  lipid  pat:i';avg 

The  ability  o f  high  hydrostatic  pressure  to  displace  exogenous  lipid  solu¬ 
ble  substances  front  plasma  membranes  and  thereby  influence  membrane  transport 
is  well  known,  particularly  in  the  case  of  anesthetics*  Our  experiments  with 
butanol  induced  K+  permeability  corroborate  this.  However,  the  use  of  high 
pressure  as  a  f undamental  tool  for  investigatin':  lipid  pathways  goes  beyond  this. 

Today  there  is  universal  acceptance  that  lipid  solubility  plays  an  essen¬ 
tial  role  in  permeation  of  coll  membranes .  However,  there  is  continuing  dispute 
over  the  rolo  played  by  tbe  size  of  the  penetrating  molecule,  and  how  this  is 
to  be  accounted  for.  TrMukle  (1071),  for  example,  proposed  that  the  migration 
of  kinks  down  the  acyl  chain  of  fatty  acids  could  account  for  diffusion  of  a 
solute  through  a  lipid.  The  solute  would  fit  into  the  space  provided  by  the 
kink  and  migrate  at.  the  kink  migration  rate.  Various  type*  kinks  are  available 
so  that  solutes  which  were  too  large  to  fit  into  the  volume  provide i  by  one 
kink  could  fit  into  the  volume  created  by  another  type  kin*:.  The  two  smallest 
kinks  considered  are  the  2g1  kink  and  the  next  largest,  the  2g2  kink.  In  a 
quasi-solid  system,  Trouble  estimates  the  2g1  kink  volume  to  30-25*3  v.’hieh 
wo  calculate  to  be  30- IS  nl/rnolo.  In  the  fluid  bi layers  of  red  cells  and 
liposomes,  tbe  value  will  be  somewhat  less.  A  2 g 2  kink  will  have  a  larger 
volume  than  the  2gt  kink  in  any  lipid  system  and  will  probably  bo  aoprox  i:  '.at.  el  y 
2x  volume  of  a  2g1  kink  since  the  carbon  is  displaced  one  unit  in  the  first 
and  two  unit.;;  in  the  second. 

Empirical  measurements  restricted  to  correlating  permeability  with  rml.ir 
volume  have  focused  attention  on  the  problem,  of  molecular  si/.*',  bur  h.ive  y»q  to 
resolve  the  mechanism.  Additional  information  is  needed.  Activation  er* *r  <;  i t  /■ 
have  provided  some  insights  but  they  are  of  little  use  in  *  he  present  context  . 

■him  al  information  is  need**  !  tlmt  t » • «.  1 1  with  tt-«-  f  re*»  viilm.*  <-g 
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the  membrane  and  the  changes  it  undergoes  as  it  interacts  with  a  permeating 
solution.  Thus,  it  is  natural  to  turn  to  pressure  studies.  For  example,  if 
the  Trouble  mechanism  was  responsible  for  transport  through  the  lipid  region 
of  RBC's,  we  might  expect  to  see  the  activation  volume  quantized  around  spe¬ 
cific  values  for  transport  processes  through  the  lipid  pathway. 

A.  Can  Results  on  Artificial  Bilayers  be  Extrapolated  to  the  Red  Cell? 

One  of  the  simplest  means  of  probing  a  lipid  bilayer  is  to  study  its 
permeability  to  lipid  soluble  solutes  such  as  the  valinomycin-K+  (val-K+) 
complex.  The  question  of  similarity  between  red  cell  and  artificial  lipid 
membranes  arises,  for  example,  from  the  finding  that  the  maximal  val-K+  permea¬ 
bility  of  the  RBC  is  much  lower  than  in  artificial  membranes.  Is  this  due  to 
a  lowered  absorption  of  val-K+  into  the  membrane,  or  does  it  reflect  a  slower 
transport  rate  across  the  membrane? 

We  approached  this  problem  by  measuring  the  transport  volume  of  val-K+  in 
the  red  cell  and  comparing  it  with  similar  data  from  liposomes.  Figure  7  shows 
a  plot  of  our  data  taken  over  a  range  of  1  to  800  atm;  the  activation  volume 
calculated  from  this  data  is  40  ml/mole. 

Using  liposomes,  Johnson  and  Miller  (1975)  found  that  regardless  of  com¬ 
position,  the  activation  volume  for  val-K+  transport  was  around  40  ml/mole  in 
the  range  0-400  atm.  The  reaction  volume  for  complexation  of  K+  with  crown 
ethers  (compounds  similar  to  valinomycin)  in  water  is  around  8  to  1 2  ml  (Isaacs, 
1981).  Thus,  it  seems  unlikely  that  transport  of  val-K*  is  rate  limited  by 
reactions  at  the  membrane  interface.  Since  the  val-K+  complex  is  lipid  soluble 
and  traverses  the  lipid  pathway  in  the  RBC,  the  identical  activation  volume 
found  in  liposomes  and  red  cells  suggests  of  a  similar  if  not  identical  trans¬ 
port  mechanism,  at  least  for  val-K+. 

The  Johnson  Miller  paper  also  reported  an  activation  volume  for  both  Na+ 


(Johnson  and  Miller,  1975). 
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and  by  themselves  to  be  approximately  2  0  r.l/molo.  The  linosone  data  can  be 
interpreted  in  ter ns  of  the  Trouble  kink  model  (see  above)  which  predicts  that 
activation  volumes  would  be  multiples  of  some  unitary  volume  say  20  ml.  If 
the  same  transport  mechanisms  wore  operating  in  RbC's  as  in  liposomes,  we  should, 
find  some  lipid  soluble  substance  whose  activation  volume  would  be  2  0  ml/v.iole  in 
RPC's.  Naf  and  k+  are  not  suitable  because  their  primary  diffusion  path  is 
presumably  associated  with  a  protein  portion  of  the  membrane.  However,  the 
molecular  n-Butanol  which  is  lipid,  soluble  was  found  to  have  an  activation 
volume  of  20  nl/mole  (Figure  3)  in  RI3C's  for  tracer  diffusion  through  stacked 
membranes  over  the  range  0-12000  psi. 

Th is  evidence  suggests  that  the  mechanism  of  transport  through  the  lipid 
in  RPC's  is  the  same  as  transport  in  liposomes.  Further,  necessary  evidence 
requires  the  correspondence  of  activation  energies  and  volumes  for  the  two 
systems  for  several  lipid  soluble  solutes. 

g .  P r o ssuro  Dependence  of  Butanol  Diffusion 

In  order  to  measure  the  pressure  dependence  of  the  permeability  of  a 
rapidly  permeating  solute,  we  hive  used  two  techniques.  One  involved  the  devel¬ 
opment  of  a  high,  pressure  stopped  flow  device  which  is  described  below.  The 
other  exploited  the  diffusion  column  techninue  introduced  by  Redwood  ot  al. , 

1a7U  This  latter  method,  a  modification  of  a  technique  for  diffusion  measure¬ 
ments  in  agar  gels  developed  by  Cchantz  and  Lauffer  (1c>f>2),  attempts  to  deduce 
permeability  coefficients  from  bulk  diffusion  measurements  through  a  "tissue" 
made  up  of  packed  erythrocytes.  The  erythrocytes  a  re  packed  by  cent,  ri  fund  i  on 
inside  polyethylene  tubing  anti  the  coll  column  is  pulsed  at  one  end  with  labeled 
solute.  After  diffusion  has  been  proceeding  for  several  hours,  the  distribution 
of  label  along  the  column  is  measured  by  sequential  slicing  and  count. inu.  The 
data  if;  analy/.od  under  the  assumption  of  a  diffusion  node!  with  i nt raeol 1 ul  \v 


FIGURE 
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and  extracellular  pathways-  '/it.h  this  method,  the  cells  can  be  exnosod  to  high 
pressures  for  several  hours  while  diffusion  is  taking  nlace  over  macroscopic 
distances.  Perturbations  of  the  established  concentration  profile  are  negli¬ 
gible  during  the  few  minutes  required  to  depressurize  the  system  and  freeze  t^e 
column. 

Results  of  an  experiment  using  this  technique  are  illustrated  in  figure  d . 

The  pressure  dependence  of  butanol  -diffusion  through  stacked  membranes  appears 
to  be  described  by  an  activation  volume  of  about  20nl/nole. 

Although  there  is  insufficient  data  for  reliable  statistical  estimates,  it 
is  interesting  to  note  that  the  two  probes  (butanol  and  Val~K)  for  permeation 
through  the  red  cell  lipid  bilayer  give  activation  volumes  that  are  multiples 
of  20nl/nole  in  accordance  with  the  results  on  artificial  lipid  bilavers  and 
the  internrea ta tion  given  to  Trouble's  theory. 

C .  Development  of  a  High  Pressure  Stop-Flow 

Realization  of  the  goals  outlined  in  this  project  depends  on  the  availa¬ 
bility  of  precise  methods  that  allow  measurements  over  a  large  range  of  pressures. 
Unfortunately,  conventional  rapid  nixing  (e.g. ,  by  stop-flow)  and  sampling 
(o.g.,  cen tri fugation)  techniques  commonly  used  in  cell  physiology  are  not 
applicable  to  high  pressure  work  in  their  current  form.  Accordingly ,  we  have 
devoted  a  good  deal  of  attention  to  the  development  of  a  high  pressure  stooped- 
flow  apparatus. 

This  apparatus  introduces  two  important  advances  in  high  pressure  studies: 

1)  Two  fluids  can  be  rapidly  mixed  and  stopped  for  observation  under  high, 
pressure.  The  entire  process  can  be  accomplished  within  milliseconds  and  with 
no  (Iron  in  pressure.  2)  Pany  experiments  can  he  performed  repeatedly  and  ro- 
produciblv  in  a  matter  of  minutes. 

In  our  application,  we  photometrically  monitor  changes  in  red  coll  volume 


produced  by  sudden  ci'arvjos  in  the  rod  coil’s  external  environment.  Those 
changes  are  produced  by  rapidly  nixing  a  dilute  blood  coll  suspension  with 
another  solution  containing  drugs  and/or  a  variety  of  molecules.  After  nix  in:? 
is  achieved,  the  flow  -which  passes  through  a  speciallv  constructed  hi  gh  pros sir*' 
ontical  observation  port,  is  stopped  and  niMsurononts  are  taken. 

The  theory  and  techniques  for  obtaining  a  largo  amount  of  membrane  parameter 
information  from  perturbation  type  measurements  have  been  well  worked  out  (hncoy, 
1  o  7  p )  .  r>ur  innovation  allows  these  nossurenents  to  be  done  over  a  large  pressure 
range.  The  use  of  cell  volume  changes  to  measure  permeability  is  not  restricted* 
to  solutes  that  are  transported,  via  the  lipid*  pathway;  it  is  equally  useful  in 
measurements  of  polar  solutes  over  either  carrier  mediated,  or  channel  oaths,  as 
in  the  case  of  water  transport  (see  below). 

With  a  sin.nlo  adaptation,  an  observation  port  containing  a  conductivity 
probe  is  easily  put  in  the  nixed  flow.  In  principle  this  would  also  work  for 
other  transducers .  ’With  no  modifications  at  all,  this  apparatus  can  ho  used  to 
study  rapid  enzyme  kinetics  by  spcctrophotooetric  methods.  Details  of  the  Ivice 
are  described  in  the  following  reprint. 


High  pressure  stopped-flow  apparatus  for  the  rapid 
mixing  and  subsequent  study  of  two  fluids  under  high 
hydrostatic  pressures 

Daniel  M.  Karan  and  Robert  l.  Macey 
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(Riven eti  24  September  POO,  .uvepusi  lor  publication  2  Slav  WSO) 

A  stoppcd-llow  apparatus  is  described  tor  the  rapid  mixing  and  subsequent  study  of  two 
dissimilar  fluids  under  pressures  up  to  12(H)  Kir.  The  device  consists  of  two  identical  pressure 
chambers  which  contain  the  two  fluids,  a  third  pressure  chamber  which  contains  gas  to  maintain 
the  pressure  in  the  system,  an  optical  port  for  photometric  observation,  and  various  connections. 
The  device  has  been  used  to  measure  reaction  times  on  the  order  of  a  hundred  milliseconds  to  tens 
of  seconds,  using  a  maximum  of  2  ml  of  each  reagent  per  experimental  determination.  I  he  dead 
time  is  found  to  be  5-25  ms  with  minium  average  flow  velocities  of  2.0  m/s.  The  construction  and 


operation  of  the  dev  ice  are  described  and  examples 
the  bromophenolblue  indicated  chemical  reaction 
presented. 

PACS  numbers:  07.35.  T  k,  82.40.  —  g,  07.60. Dq 

INTRODUCTION 

It  was  more  than  forty  \ears  ago  that  Roughton1  first 
used  a  stoppcd-llow  method  for  the  lapid  mixing  of  two 
separate  fluids  and  the  subsequent  study  of  a  reaction 
which  was  complete  on  the  order  of  seconds.  The 
method  was  perfected  by  B.  Chance*  ’  a  lew  years  later 
for  reaction  times  of  a  Jen  milliseconds.  Further  ad¬ 
vancement  led  to  the  Gibson- Durr aim 1  and  the  Berger’ 
apparatuses,  with  commercial  development  making 
stopped-flow  equipment  and  techniques  widely  available. 

Until  the  present,  the  only  intensive  thermodynamic 
parameter  which  could  be  varied  in  stoppcd-llow  studies 
has  been  the  temperature.  The  purpose  of  this  paper  is  to 
describe  a  stopped-flow  apparatus  which  we  have  built 
and  are  using  in  our  laboratory  for  the  photometric  study 
of  reactions  at  pressures  up  to  12(H)  bar.  'This  new  in¬ 
novation  allows  the  introduction  of  pressure  as  a  thermo¬ 
dynamic  variable  in  fast  reactions  requiring  rapid 
mixing. 

I.  APPARATUS  CONSTRUCTION 

Figure  1  shows  details  of  chamber  A  (1)  of  the  high- 
pressure  stoppcd-llow  device  illustrated  in  schematic 
form  in  Fig.  2.  The  body  of  chamber  A  (2)  is  made  Imm 
304  stainless  steel  machined  to  a  smooth  bore  with  in¬ 
ner  diameter  3.88  cm,  outer  diameter  7.38  cm  and  16.6 
cm  in  length.  The  end  caps  (3)  are  machined  from  304 
stainless  steel  to  lit  the  bore  of  the  chamber  with  0.08  nun 
maximum  clearance.  The  pressure  se  t!  is  provided  by  a 
Mima  “O"  ring  (4).  The  entiy  into  the  end  cap  (5)  is 
machined  to  take  the  standaid  0.635  cm  high  pressure 
cone  fining.  The  cover  (61.  machined  from  4  l-leadcd -42 
alloy  steel,  screws  down  over  the  body  and  holds  the 
cap  in  place. 

The  i  nl  ci  ior  of  the  chamber  is  sepaialed  into  two  com 
pai (merits  by  a  sliding  piston  (7)  made  of  I’W  plastic 
with  a  Buna  “O”  ring  seal  (8).  (Note:  the  pistons  have 


of  water  transport  data  in  red  blood  cells  and 
of  NallCOi  and  HC1  under  pressure  ate 


been  modified  to  lake  tw  o  Buna  * *( )”  rings  in  place  ot  the 
single  ’*()"  ring  seal  shown  in  l  ig.  1.)  The  piston  trans¬ 
fers  the  hvdraulic  pressure  from  the  lluid  m  the  lower 
chamber,  w  hich  is  in  communication  w  it h  the  pump  1 22 1 
and  the  gas-buffer  chamber  \  14»  t see  Fig.  2),  to  the  fluid 
in  the  upper  chamber,  w  hich  in  the  operation  of  the  device 
itself  is  expelled  utulei  pressure.  If  the  fluid  is  a  suspen¬ 
sion  (e.g.,  ted  Mov'd  cells b  a  uniform  distribution  is  main¬ 
tained  by  means  of  a  magnetic  stir  bar  MM  Mitunmded  by 
a  I’W  guard  ring  l  MM.  The  guard  ring  is  essential  to  pre¬ 
vent  the  deformation  of  the  piston  around  the  magnetic 
stir  bar  when  the  piston  reaches  the  upper  cud  ol  its 
travel.  The  rotating  magnetic  field  is  puuided  by  four 
electromagnets  (11)  with  extended  pole  pieces  (12; 
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located  90  «ip.t i t  mound  the  304  stainless  steel  cvlirulei 
which  is  per”,  cable  to  the  m.iLmetic  field.  1  he  dtviin- 
magnets  uie  Omen  by  a  12-V  powei  supply  with  a 
svv  itching  circuit . 

h’tguie  -  iepieseuts  schem. itJC.dly  the  whole  high  pies- 
sme  stopped  ih>w  device  t 'lumber  B  1 1  ^ i  is  an  exact 
duplicate  of  chamber  A  ill  in  cornu  i\  lion,  without  the 
Min ine  equipment.  I  he  gas -buffer  chamber  «  14 1  has  the 
same  const  met  ion  as  do  cliainbeis  \  a 1 1 •. i  H.  the  only 
Oilleience  is  t he  length  ot  the  cylmuiical  Mamless  steel 
bo-’  which  is  2lb2  cm.  1  he  upper  part  of  the  gas-buffer 
c  iber  t 15 Ms  filled  w  hh  nitrogen  gas  thi ouch  the  v  alve 
(  10)  to  a  convenient  starting  p  assure,  with  the  pmlon 
1 17)  located  at  the  lowest  end  of  the  chamber.  1  he  lower 
end  of  the  chamber  1 1 Si  is  connected  through  a  standard 
high  pressure  valve  <  19)  by  means  of  a  high  piessme  tee 
(20)  to  the  hydraulic  pre^suie  line  t2l)  which  is  con¬ 
nected  to  the  pump  <22i  and  piessme  gauge  <23i  thtough 
an  isolation  valve  1 24).  The  bottom  end  of  both  chambers 
A  and  B  are  connected  by  high  pressure  tees  to  the  same 
hydraulic  pressure  line  as  the  gas-buffer  chamber.  1  lie 
upper  compartments  of  chambers  A  and  B.  containing 
two  dissimilar  lluids.  are  connected  by  means  of  stand* 
aid  0.635  cm  stainless  high  pressure  tubing  (25)  which 
meets  in  a  high  pressure  tee  (26)  (High  Pressure  Equip 
ment  Co.  #60-23  Hl;4)  where  mixing  takes  place.  The 
reaction  of  the  mixed  lluids  is  monitored  at  the  observa¬ 
tion  port  (27)  by  means  of  a  light  source  i2S)  and  a  photo¬ 
detector  (29).  A  thiee  wu\  valve  t3(h  connects  the  obser¬ 
vation  port  to  an  expansion  chamber  (31)  whose  volume 
regulates  the  total  fluid  flow  per  measurement.  The  ex¬ 
pansion  dumber  is  connected  to  a  vacuum  disposal  by  a 
valve  (32)  for  removal  of  the  spent  fluid. 

The  observation  poit  (27)  is  shown  in  detail  in  big.  3. 
The  body  (33)  is  made  from  a  standard  stainless  steel 
cross  (High  Pressure  Equipment  Co.)  which  is  milled  to 
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Hu.  2.  Sthcrn.tfic  ucivol  the  hiidi-prcsMirc  slopped  IJ«m  .<pp.ir.ttto 
(see  icM ). 
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wiihm  u  5  mm  of  the  cent/.il  passage  to  allow  the  poly* 
c.u boiiate  plastic  optical  windows  i  '4i  1 1 v  be  as  close  as 
possible  to  the  lb;id.  \  s!<q  i  35 )  is  milled  m  the  thin  metal 
p.u  litioij'  on  either  side  of  the  centi  al  passage  to  civ  c  the 
pi opei  opt.c.il  ci). oaclerMics  for  measuring  icactions  in 
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As  a  procaufionary  measure,  the  entire  stopped  How 
device  was  housed  within  a  Lexan  enclosure.  Valves 
weie  operated  by  connecting  rods  extending  out  of  the 
enclosure. 

II.  APPARATUS  OPERATON  AND  TEST  RESULTS 

The  high  pressure  stoppcd-flow  operate  ;e  foie 
ing  manner.  A  dilute  blood  suspension  i  *  *od  in  cham¬ 
ber  A  (1)  whete  the  electromagnetic  stirrer  keeps  the 
suspension  uuiformally  distributed.  The  test  solution  is 
placed  in  chamber  B  (13)  and  the  two  chambeis  arc  sealed 
to  be  pressurized.  Valve  (19)  remains  closed  until  the 
hydrostatic  pressure  matches  the  initial  gas  pressure  in 
the  gas-buffer  chamber  ( 14)  at  which  time  the  valve  1 19) 
is  opened.  The  gas  and  the  fluid  are  then  compressed  to¬ 
gether  until  achieving  the  pressure  at  which  the  meas¬ 
urement  is  to  be  taken.  During  the  compulsion,  the 
valves  (30)  and  (32)  remain  closer!  and  the  expansion 
chamber  (31)  is  empty  of  fluid. 

The  reaction  is  initiated  by  opening  the  pressure  side 
of  the  three  way  valve  (30).  This  allows  the  compressed 
gas  (15)  in  the  gas-buffer  chamber  to  expand  slightly  , 
driving  equal  amounts  of  the  two  fluids  from  chambers  A 
and  B  out  through  the  mixing  tee  (26)  and  observation 
port  (27),  filling  the  expansion  chamber  (31).  The  fluid 
motion  slops  abruptly  w hen  the  mixed  fluids  completely 
fill  the  expansion  chamber  at  which  time  data  gath  mg 
starts.  The  mixing  rate  is  regulated  by  means  of  llu  .e 

(30) ;  and  (he  total  volume  flow  for  an  expeiimem.u  inn 
is  determined  by  the  v  olume  of  the  expansion  chamber 

(31) .  When  the  measurement  is  complete,  the  piessme 
side  of  the  v  alv  e  (30)  is  closed.  The  valv  e  (32)  connected 
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I:H».  4.  Pholomcu ic  tunc  u’liiso  »*t  biomophcno'hluo  ukI:c tU‘4  to- 
action  hcrsocn  n.i'2  M  N.tIK'O,  .uk!  u  *U  N  )U  I  .it  J7*'  l\n  i smooth 
c ui  '•  os  i  'Mill  the  sumiit. moons  acoustic  measurement  ot  lluiJ  flow 
(j.igm\i  curves).  Uie  upper  sot  4*t‘  traces  u>  slv»u  tt.o  entire  tune 
toiii'C  ot  the  i c.iciton  sv I \ i * c  the  l»mcr  set  b i  sinm  iih>i.  itd.tit  ot  the 
fust  mo  uiv  I  tre  uutMtion  ot  lion,  <  1 1,  the  beginning  of  ileeoieiation  tJi 
ami  full  stop  t  M  are  in  J  rented  isoe  text  I . 

to  a  vacuum  disposal  and  the  atmospheric  side*  of  the 
three-way  valve  loth  arc  both  opened,  thus  evacuating 
the  expansion  chamber.  Then  the  valves  are  closed  and 
the  entire  process  can  be  repeated  many  times  until  the 
solutions  in  chambers  A  and  B  base  been  expended. 

Fxternal  temperature  regulation  is  not  necessary  be¬ 
cause  the  large  mass  of  the  s\stem  is  very  effective  in 
maintaining  a  constant  ambient  temperature,  tin  our 
studies  the  variable  of  interest  is  pressure  and  although 


teinperatme  is  monitored,  we  luxe  not  attempted  to  s>  s* 
tcmalic.il]>  vai\  it.) 

Heme  4  demonstrates  the  pel  form. .nee  ch.u  .:»> :  ei  s 

oj  the  apparatus,  lire  chemical  :caction  ot  Ul0  XI 
Na!  Il  'O  ,  and  O.l) !  N  11(1  w  rth  Br  omophenoIHue  nnlica- 
lor  at  2"'5  bar  is  nuniitoied  piugnmett ic.uiv  imimoiIi 
traces)  with  the  simultaneous  acoustic  measurement  of 
llmd  llow  (  lagged  liacesi.  i  I  he  llow  dm  a!  ion  v.  as  moni¬ 
tored  acoiisticaih  in  microphone  because  there  aie  no 
external  nun  me  pal  Is. )  Figure  4t  a  I  Mails  with  the  mil  ra¬ 
tion  of  llow  { 1 1  then  the  beginning  of  deceloi  alion  \ 2 1  and 
full  stop  i3)  while  l  ig.  4rb)  expands  the  call)  part  of  the 
lime  course. 

Although  Fig.  4i  b)  show  s  almost  no  Jela>  bet w  ecu  full 
stop  and  the  beginning  of  a  measurable  change  due  to  the 
chemical  reaction,  we  have  sometimes  found  dela\  s  as 
long  as  20  ms.  iThis  delay  time  depends  on  opeiator  skill 
in  opening  and  closing  the  three  way  valve.)  Hu  the  low 
flow  velociu  of  2.00  m  s  used  in  these  measurements 
(for  the  sake  of  acoustics)  and  the  9.3  cm  distance  be¬ 
tween  mixing  chamber  and  observation  point,  a  mini¬ 
mum  dead  time  of  4.(>  ms  is  obtained.  Though  higher 
llow  velocities  are  casilx  obtainable  which  would  lower 
the  transit  time  to  the  observation  part,  the  dead  time  of 
the  instr  ument  should  he  conservatively  taken  to  be  from 
5  to  25  ms. 

Figure  5  shows  an  example  of  two  photometric  traces 
of  the  lime  course  of  human  red  cells  shrinking  in  re¬ 
sponse  to  a  sudden  osmolie  gradient  obtained  on  this 
apparatus  at  (>20  bar  hxdrostatic  pressure.  The  upper 
trace  is  from  cells  treated  with  />-chloromercuriphen\  1 
siilfom  acid  tPCMBS).  a  sulfhxdryl  reagent  which 
dramatical])'  inhibits  water  transport.7  1  he  lower  trace  is 
from  untreated  cells.  Flic  large  difference  m  the  expo¬ 
nential  deca>  time  for  cell  shrinkage,  i.e..  r  -  t ) .4 1  s 
(control)  and  r  -  4.6 1  s  (PCMBS)  are  well  within  the 
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lime  span  over  \\ hich  siable  ineastnements  can  be  taken. 
This  indicates  the  wide  ranee  of  reaction  times  which 
may  be  observed  photoinctncally  for  various  \\ steins 
muter  picssuie  in  the  high  piessure  stopped-llow  ap¬ 
paratus. 
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IV.  WATER  TRANSPORT 

Results  using  the  high  pressure  stopped-flow  which  show  the  pressure  depen- 
dence  of  osmotic  water  permeability  is  illustrated  in  figure  9.  The  calculated 
activation  volume  is  very  small  amounting  to  about  0.71  ml/mol.  This  is  similar 
to  the  activation  volume  for  water  viscosity  which  ranges  between  0.16  to 
1.4ml/mol  over  the  pressure  range  of  0  to  lOkbar.  The  activation  energy  of 
osmotic  permeability  is  also  similar  to  activation  energy  of  viscous  flow,  as 
are  the  perturbation  effects  introduced  by  mixing  water  the  D20.  Thus  the 
properties  of  osmotic  transport  through  red  cells  are  predictable  from  the 
transport  properties  of  pure  water. 

These  results  support  the  notion  that  osmotic  flow  in  normal  red  cells 
takes  place  primarily  through  water-filled  channels.  The  small  activation 
volume  does  not  support  Trouble's  original  kink  hypothesis  for  water  transport 
in  red  cells.  However,  when  the  ostmotic  channels  are  inhibited  by  PCMBS 
( parachloromercur ibenzene  sulfonate),  preliminary  results  suggest  that  this 
is  no  longer  the  case;  activation  volumes  become  increasingly  larger,  reflecting 
the  contribution  of  the  lipid  path. 

Properties  of  D 20  transport  through  red  cell  membranes  alluded  to  above 
are  described  in  the  following  reprintt.  They  support  the  notion  that  the 
frictional  forces  encountered  by  bulk  transport  of  water  through  channels  are 
similar  to  corresponding  forces  in  pure  water. 
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The  Permeability  of  the  Human  Red  Cell  to  Deuterium 
Oxide  (Heavy  Water) 

DAMI.I.  M  KAKAN  and  KOHKKT  I  MAI  K  V 

/V;*ur7*»»i  fi/  itf  I’hyMflftfv  i>,  f  '«n  vr*:t\  nf  <  //»■*  :i*>,  Cj.'V. •»■>«.<; 

AHSTMACT  I'sinj,'  a  slopped -flow  device,  the  osmotic  water  permeability  of 
human  red  cells  to  lh()  and  11.0  was  sludfe<l  as  a  iunctitm  of  temperature  and 
under  the  influence  of  the  suifhydrvl  reagent  paracholuroineininbefi/one  sulton- 
u*  arid  <!VMHS»,  an  inhibitor  of  water  transport.  The  ratio,  permeability  1 1)  0 
[••ainealnht v  li.t)1  at  each  temperature  can  be  predicted  simply  by  a-summ^ 
•he  penm -ability  varies  inversely  with  macroscopic  viscosity.  When  water 


;  *  * : i ■  i !  no\  |,  inhibited  with  IVMBS. 
the  inhibited  permeabilities  in  I)_>()  and 

The  human  red  cell  membrane  has  been  a 
favorite  prototype  of  studies  of  water  transport 
for  many  years.  Although  experimental  data 
are  frequently  interpreted  in  terms  of  water* 
filled  channels  ("pores"),  progress  in  charac¬ 
terizing  the  channels  has  been  slow  because 
they  are  relatively  insensitive  to  most  trans¬ 
port  reagents,  and  because  it  now  appears 
that  they  are  not  traversed  by  any  molecule, 
aside  from  water  itself  Thus  there  is  a  paucity 
of  channel  "probes”  that  can  he  enlisted  in  the 
design  of  experiments,  (liven  these  circum¬ 
stances,  it  would  he  expedient  to  exploit  tile 
small  differences  in  physicochemical  proper¬ 
ties  of  I). t)  and  1  f..O,  both  of  which  must  have 
access  to  the  water  channels. 

Kates  of  I)2U  penetration  into  sheep,  beef, 
and  rat  red  cells  have  been  measured  by 
Brooks  (’.'15)  and  hv  Purpart  (’35).  Both  of  these 
studies  found  a  slower  penetration  by  02O. 
and  the  results  were  interpreted  in  terms  of 
differences  in  fu^acities,  viscosities  and  mo¬ 
bilities  of  the  two  solvents.  However,  these 
earlier  investigators  were  handicapped  by  the 
scarcity  of  D20t  the  inaccurate  physiochemical 
data  available  to  them,  and  most  important, 
by  the  fact  that  their  measurements  of  water 
penetration  were  based  on  hemolysis  times.  In 
addition  to  water  permeability,  hemolysis 
times  depend  on  a  number  of  factors  that  are 
incidental  to  water  transport;  for  example, 
these  include  prelytic  electrolyte  shifts  and 
hemolytic  volume. 

There  is  no  a  priori  reason  to  expect  that 
any  of  these  will  remain  constant  when  the 
aqueous  environment  is  changed  to  !).,<).  Ac¬ 
cordingly  we  have  restudied  this  problem  with 
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this  dependency  on  viscosity  vanishes 
H,()  are  indistinguishable. 

more  modern  techniques.  We  find  that  difler- 
ences  m  tlie  osmotic  permeability  of  t fie  hu- 
man  red  cell  to  )|.,<)  and  lf(>  can  be  quanti¬ 
tatively  predicted  solely  in  terms  of  differences 
m  the  macroscopic  visco-ity  of  these  two  sol¬ 
vents.  Furthermore,  when  th.e  channels  are 
dosed  i by  saturating  do<es  of  mercunaU-  the 
difference  in  1TO  ami  1  l.t )  permeability  vir¬ 
tually  disappears,  and  the  apparent  depend¬ 
ence  of  permeability  on  viscosity  no  longer 
holds. 

MKTHuDS 

The  equilibrium  values  tor  osmotic  dead 
space  h.  and  cell  volume  V  were  determined 
as  follows  The  plasma  and  huffy  coat  wore 
removed  from  the  red  cells  bv  centrtfimat ion 
and  vacuum  aspiration  and  tin*  cells  were 
washed  several  additional  times  in  isotomc 
Kfl  < 77  1.0  isotones*  The  final  wash  was  in 

hypotonic  K C *1  »;r  O.Si,  and  tin*  cells  were 
resuspended  to  3s  <  hematocrit  in  the  same 
solution.  Ten  milliliters  of  this  suspension  was 
pipetted  into  each  of  two  small  calibrated 
centrifuge  tubes.  These  two  tubes,  each  con- 
tain  ini!  the  same  number  of  cells,  were  spun 
down  and  washed  two  times  more.  One  tube 
was  washed  with  n  O.iv  !),()•  iOi),sp5 
KC'l  10  ml  n.O',  the  other  was  washed  with  rr 
rr.  0.8111,0)  10.0*95  «m  KOI  10  ml  11  (».  Alter 
tin*  last  wash  the  cells  were  resuspended  in  rr 
-  O.H(  l^Oi  and  rr  O.nIMO  to  the  10  ml 
mark.  Hematocrits  wen*  taken  of  each  sample, 
which  tfives  the  ceil  volume  of  one  relative  to 
the  other. 
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riifx1  samples  were  placed  in  a  magnet  ».al 
ly  stint'd,  water  jacketed  beaker  *T  2"  Ci 
containim*  a  conductivity  pro)**.  Small  ainnMi^ 
of  K(’l  crystals  u i*i i *  added  to  the  sljinii^ 
susprii-aon.  Tin*  changes  in  salt  concentration 
•or  tonicity  w.ih  monitored  by  measuring  tin* 
conductivity  of  the  solution.  ami  the  result  m;' 
change  in  cell  volume  was  measured  by  he 
matin  rit.  The  profess  was  repeated  stepwise 
until  the  cells  befall  to  heinoh/e  at  hi^h  salt 
concentrations  i,t  -D.  Tin*  value  of  b  was 
determined  by  plotting  volume  versus  1  tt  for 
botli  11,0  and  |),(),  where  b  is  directly  calcu- 
l.ited  from  the  extrapolated  intercept  at  1  rr 
0. 

The  osmotic  permeability  coefficient  HTT,,, 
for  both  DO  and  lid)  was  estimated  by  mon¬ 
itoring  the  kinetics  of  evil  volume  changes 
alter  rapid  mixing  n|  cells  ‘.'i'#'  cells  suspended 
in  hypotonic,  r  U  P,  solution!  with  an  equal 
volume  ol  hypertonic  solution  * t t  l.b  in  a 
stopped-lbtw  apparatus  i  Macey  ’7P».  All  exper¬ 
iment^  were  performed  in  K(  l  solutions  or  in 
KCI  dilutions  with  hi  the  osmotic  strength  of 
the  K ( T  replaced  by  sucrose  to  prevent  un¬ 
wanted  swelling.  Procedure',  for  making  Dd) 
or  JI.O  solutions  were*  identical.  Prior  to 
tisane,  the  cells  were  washed  at  least  ; \  times 
m  Kl 'I  'or  KCI  •  sucrose*,  ihe  final  packed 
pellet  was  resuspended  in  either  KOI  »IhOi  or 
KCI  ilia)*.  In  some  cases  D.O  was  reused, 
however  m  all  cases  the  m  i^inul  IM)  was 


labeled  with  IIP)  0)1  /it’irnl*  in  order  to 
conveniently  monitor  any  contamination  of 
DO  hv  II  I)  'Results  showed  that  DO  w.t> 
never  diluted  by  more  than  'I  >  H  O  per  u-e.  < 

Stopped-tlow  mixing  artifacts  wen*  mini¬ 
mized  by  subtracting  control  ba-e  lines  'ob¬ 
tained  by  mixing  isotonic  ce!U  with  i.-otmuc 
solutions*  from  tlie  experiments!  d.ita  Cor¬ 
rected  data  was  then  u-ed  to  calculate  osmotic 
permeability  as  described  by  Parmer  and  Ma¬ 
cey  *  *70  u 

Temperature  studies  wen*  run  in  a  water 
jacketed  stopped-tlow  where  temperatures 
were  monitored  by  a  rapidly  responding  ther¬ 
mistor  placed  just  beyond  the*  liyht  path  where 
photometric  measurements  were  made.  Kach 
temperature  required  an  independent  control 
baseline  determination. 

KKSll.TS 

Figure  1  shows  that  the  equilibrium  osmotic 
properl  les  of  red  cells  are  identical  in  1TO  and 
IM).  At  any  ^iven  tonicity  the  measured  cell 
volumes  as  well  as  the  extrapolated  osmotic 
dead  space  are  indistinguishable  in  the  two 
solvents.  It  follows  that  differences  in  rates  of 
water  equilibration  in  the  two  solvents  can  he 
attributed  directly  to  differences  in  water 
permeability. 

Table  I  summarizes  our  comparative  data. 
Taking  the  average  of  dO  determinations  at 
2T>  (',  tlie  measured  osmotic  permeability  in 
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ILO  was  0.35  i  *  00*1  S.E.t  cm*  osM-sec.  This 
compares  favorably  with  previous  determina¬ 
tions  from  this  and  other  laboratories  (Farmer 
and  Matey,  ‘70*. 

At  2a  C,  RTL..  is  consistently  about  200 
lower  in  ILO  than  in  ILO*  This  difference 
corresponds  to  viscosity  dilVorences  of  the  two 
solvents;  the  result  could  he  explained  simply 
if  RTF,,  was  inversely  proportional  to  solvent 
viscosity;  i.c\,  we  assume 

RTL„<n20l  -  —Try,-  KTL„iH.,0»  U> 

*  ri(  l)  ,0/  * 

where  ndLO*  and  ndLOl  are  hulk  viscosities 
of  ILO  and  ILO.  respectively.  To  test  this,  we 
took  advantage  of  the  dependence  of  viscosity 
on  temperature  as  follows:  First  we  deter¬ 
mined  the  temperature  dependence  of  RTL,, 
(H.Oi  (data  in  Table  O  and  found  that,  over 
the  limited  temperature  range  available  to  us, 
RTL,,ilU>i  varied  linearly  with  temperature. 
A  least-squares  fit  of  the  data  showed 

RTL^ILO*  .031  T  ♦*  .27f)  <2» 

If  relation  (2*  is  substituted  into  111.  together 
with  empirical  data  relating  nHLO)  and 
nfl)y()>  to  T  iThomson,  *G3>,  then  we  obtain 
the  predictions  for  RTL,, <1^1)1  as  a  function  of 
temperature  that  are  illustrated  in  Figure  2. 
Clearly  all  of  our  data  can  be  predicted  by  this 
simple  scaling  procedure.  This  new  function 
describing  the  osmot  ic  response  of  the  rod  cell 
in  l)/)  is  predicted  from  the  1 1,0  data  solely 
by  viscosity  difference  scaling.  No  other  qual¬ 
ities  of  OjO  fi.e.,  reduced  mobility,  lower  ionic 
conductance,  etc.*  are  necessary  to  explain  the 
lower  permeability  to  DaO. 


The  last  result,  shown  in  Figure  3.  is  the 
time  course  of  1VMBS  inhibition  of  water 
transport  for  11.0  and  ILO.  The  inhibit  ton 
kinetics  are  slower  in  ILO  than  in  ILO,  per¬ 
haps  due  to  isotope  or  solvent  effects  on  the 
PCM HS  t  site  binding  reaction.  Regardless  of 
the  binding  kinetics,  the  permeability  to  ILO 
in  PC  MBS  treated  cells  appears  to  asympto¬ 
matically  approach  the  limiting  permeability 
found  for  ILO  in  BOMBS  treated  cells.  Since 
water  is  constrained  to  move  through  t ho  lipid 
portion  of  PCMBS  treated  red  cells  iMacey  et 
al.,  ‘72k  two  aspects  of  this  transport  become 
apparent  from  the  asymptotic  similarity  in 
Figure  3:  the  permeability  of  the  lipid  portion 
of  the  red  cell  membrane  is  about  the  same 
for  ILO  and  ILO.  and  the  mechanism  of  trans¬ 
port  through  the  lipid  must  be  independent  of 
the  viscosity  of  ILO  and  ILO, 

DISCUSSION 

Thomson  0(53)  has  outlined  some  of  the 
ambiguities  that  arise  when  p 1 1  dependent 
rate  processes  are  compared  in  ILO  and  ILO. 
These  arise,  at  least  in  part,  from  the  consid¬ 
erable  difference  in  the  ILO  and  ILO  ioniza¬ 
tion  constants.  (For  example,  when  pD  ■  pH, 
p()l)  t  poll).  Fortunately,  in  our  case  these 
difficulties  are  minimized  by  the  fact  that  the 
osmotic  f>ermeahihty  of  red  cells  is  insensitive 
to  pH  (Rich  et  al.,  ’<>Si;  the  chief  pH  artifact  in 
osmotic  permeability  determinations  probably 
arises  from  pH  dependent  shifts  in  cell  vol¬ 
ume.  Thus  the  chief  criterion  for  adjusting  pH 
(or  pD)  should  ensure  that  cell  volume  is  the 
same  in  both  solvents.  We  have  found  (Fig.  1* 
that  leaving  the  external  medium  unbuffered 
results  in  cell  volumes  and  osmotic  dead 
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TEMPERATURE  (°C) 

Fi^  2.  Data  [Hants  for  KTI^DjO'  at  different  ternf>eratiires  taken  from  Table  1  Karh  characten>tH'  \vmhnj 
represents  a  different  blood  donor,  and  each  point  is  the  average  of  many  experimental  ruri>  T he  ■«oi;d  line  is 
the  theoretical  prediction  based  on  the  KTI vi H,U'  data  (See  Results).  All  H,G  permeabilities  are  normalized 
to  unity  at  25  C. 
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Fig.  ,1.  I’('MRS  inhibition  of  J>,0  (open  circles)  and  11,0  (solid  cjrrle>*  transport  ns  a  function  of  time  The 
vertical  axis  in  the  inverse  lime  constant  (sit  which  is  prnjmrtionnl  to  KTI.,,.  Kmh  data  point  represents  one 
cxjjerifiienfal  nin,  IM’M MS  concentration  is  2  mM.  The  suspension  and  injection  media  have  one-half  the  K('l 
replaced  by  sucrose  to  prevent  cell  swelling. 
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spaces  tli.it  an*  identical  m  both  Pd )  and  I M  ). 
and  we  have  followed  this  practice.  |This 
hinjci  not  la*  misinterpreted  to  imply  that  the 
system  i>  unbuffered.  On  the  contrary,  under 
these  conditions,  the  enormous  huffermo  ca¬ 
pacity  of  lu  tnoelohm  will  clamp  the  internal 
pH  to  a  constant  value  Macey  et  ah.  *7Si  and 
tin*  presence  of  a mh lent  I’d.  will  ensure  extra 
ami  intracellular  H  'or  l)i  ion  coupling 
through  bicarbonate -chlorule  exchange. | 

Results  reported  hy  Owicki  et  al  '  75 1  show 
essentially  no  difference  in  the  duster  st/e. 
cluster  tiir-t rihution.  *»r  hydrogen  homl  etieruy 
between  IM>  and  fM)  in  /Vee  solution  They 
found  the  two  liquids  to  he  struct ttrally  quite 
sinul.tr.  Tims  it  is  reasonable  to  find  the  cell 
volutin*  and  osmotic  dead  space  are  the  same 
in  t In*  t wit  solvents. 

The  earliest  measurements  of  the  red  cell 
permeability  to  D.O  and  lid)  were  dene  hy 
Par  part  Pdfe  and  Brooks  i  'da*  Their  estimates 
based  oti  heiuolv s i>  tunes,  ranged  liom  a  2'* 
to  i  V  i  dect'i'ase  in  pel  meahihty  of  the  red  cell 
for  D  O  compared  to  II  O  Kven  though  tin- 
reported  value  for  tin-  visco.-ity  of  D.O  wa- 
greater  in  fho-e  da>s  than  more  recently  re¬ 
ported  v. lines,  it  still  was  not  meat  enough  to 
explain  the  lar,;e  decte  i  e  m  permeability  to 
J)l)  i'.irpart  sin.: rested  that  1M)>  lower  mo- 
hihtv  Ml  -  le  •  -  than  11.  O'  could  account  tor 
the  discrepancy.  We  have  found  by  modern 
technique.-  that  tin*  lower  ponnealuht>  of  nor¬ 
mal  red  cells  to  D.O  is  due  solely  to  the  larger 
v  t -cos it  \  ot  1  M  ) 

The  notion  that  osmotic  Mow  throuc.li  cell 
nn-mhianes  should  he  inversely  propnrtioii.il 
to  vi-co-ify  is  not  paifuularlv  new.  It  <s  «»x- 
pi  id  t  ;n  t  he  call alia  t  lore-  of  tin*  equivalent  pore 
radio  -  Solomon  'M's*  and  is  demonstrated  by 
experiments  that  show  that  the  activation 
ehej  -Mo:-  tor  I ...  and  hulk  \  e  cosily  n  are  ot 
equal  ma-rmtude  and  oppo-it«*  >uin.  This  i- 
seen  in  the  piuduct  L,n  independent  of  \ 
(Vieiia  el  al  ,  *7tt».  The  remits  of  our  papel 
b-nd  additional  support  to  this  notion  How¬ 
ever,  tin--  is  not  intended  to  imply  that  water 
Mows  throw, ;h  tlu*  red  cell  membrane  in  a 
continuum  sew-ial  layers  thick.  Kxporimental 
evidence  is,  m  fact,  to  the  contrary  lhe  st/e 
of  the  calculated  equivalent  pore  radius  is  too 
small  to  lie  consistent  with  the  assumption  of 
a  j-ro'S  continuum  as  well  as  the  observed 
exclusion  of  small  polar  nom-lei  t  rol  vtrs  from 
the  water  channels  i  K inner  and  Macey  *701. 

Tin  .  problem  of  hydraulic  Mow  in  a  narrow 

channel  n{  '*  A  r  adlimi  was  studied  in  detail 
l»v  I  evitt  i’VMi.  (Vim:  statistical  mechanical 
methods  i  Monte  (\irlo),  he  calculated  the  ex 


pected  Mow  foi  a  hard  sphere  den-e  pa--  model 
of  water,  lb-  found  that  tlu-  formal  appivat  ion 
ot  Boiscuille's  equation  yielded  the  same  re¬ 
sults  as  In-,  calculations,  even  thouph  the 
molecular  details  of  transport  does  not  resem¬ 
ble  hulk  Viscous  flow. 

It  Is  also  interesting  to  note  tliat  Water 
restricted  1 1 »  the  narrow  channels  of  a  ci.iiiu- 
cidm  pore  <  J  A  radiu-'  appears,  to  he  -junior 
to  f>tifk  wafer  Koi  example,  in  /),(>  the 

ionic  conductiv  1 1 >  through  tin*  pramicuim  port* 
is  decre.ised  by  ahout  li***  *  'the  same  percent¬ 
age  decrease  as  seen  tor  elect  lolyte  conductiv¬ 
ity  in  free  -olut  ion  -  «  Kmkel-tein  7  l  >.  Thu-  the 
apparent  dependence  of  permeahihty  on  vis¬ 
cosity  has  more  titan  one  explanation  and  does 
not  necessarily  imply  laminar  Mow. 

In  1VMBS  treated  cells  where  water  has 
been  constrained  to  traverse  the  lipid  path¬ 
way.  vi.-coiis  flow  is  no  longer  the  mechanism 
ot  transport  Tin-  is  simply  -eeii  Imm  the  i 2 
kcal  mole  activation  energy  tor  1  b( )  trails  port 
in  1(.MBS  treated  cells  ■  Macey  et  al..  *72'. 
This  hi'di  activation  em-j^v  implies  that  al¬ 
most  all  the  h\ dro^en  bonds  are  broken  m  tlu* 
transport  j>rocess  through  the  lipid,  which  m 
turn  sup;:e-ts  th.it  water  exists  mo-tly  as 
separate  molecule-  inside  the  lipid  moiety. 
The  mechanism  of  transport  through  lipids 
wouhi  t hei  efoie  Meat  IP<  >  and  1 M  t  ident  ically. 
since  \isco-it\  i>  no  loiiiii-r  important  ami 
since  the  hydrogen  bond  energy  is  essealuu'ly 
idem  ical. 

In  I-‘i:;ure  .1,  w»-  -ee  t  hat  f  he  i 'afe  of  t  ran -port 
for  1  ).< )  throw. :h  the  lipid  portion  of  the  red 
cell  membrane  asymptotically  approaches 
from  above  the  rate  of  transport  for  II  O  m 
the  hpul  portion  of  the  membrane.  Thon.;h  the 
kinetics,  of  inhibition  are  slower  in  D.O.  the 
final  transport  rate  appear >  unatb-cted  Manx 
models  for  tiaiisport  through  the  lipid  hij.nri 
have  been  proposed  that  do  not  depend  on  the 
viscosity  of  water  <  if  the-e,  the  kink  iwdel 
proposed  by  Trauble  i’7l  '  is  vel  V  attractive 
due  to  its  simplicity  This  model,  where 
’’kinks”  'empty  or  full'  migrate  alum:  the  ucv  I 
chains  m  (lie  hpu!  moiety,  would  trail  port 
|)  i )  and  1 1.0  at  the  same  rate  in  accoid.mce 
with  the  results  ue  found  We  are  doinj:  fur¬ 
ther  work,  lisim:  hu;h  In ih  ostat  ic  pre-sun-s, 
to  evaluate  t he  validity  of  the  kink’  modi- 1  of 
transport 
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